Xylem parenchyma cells surround the xylem vessels and control the composition of the transpiration stream which flows through the vessels. In the plasma membrane of the xylem parenchyma cells, one inward rectifying channel (denoted KIRC) and two outward rectifying channels (denoted KORC and NORC) have been identified. In the present study it is shown that KIRC was activated by Gpp(NH)p, in contrast to the inward rectifier in guard cells. In the inside-out patch configuration, Gpp(NH)p elicited single channel KIRC activity as well and the conclusion is, therefore, that KIRC is G-protein regulated in a membrane-delimited fashion. NORC gating is affected by the calcium buffering capacity of the pipette solution as determined by the amount of EGTA. KORC conductance is shown to be strongly dependent upon the apoplastic K + -concentration. The role of the above-mentioned transporters and their regulation mechanisms are discussed in the light of root:shoot communication and long-distance signalling.
Introduction

Evidence that the stele participates actively in root-shoot transport
The transport of ions from the root to the shoot is closely co-ordinated with the shoot requirement for ions to maintain growth (Clarkson and Hanson, 1986; Kochian and Lucas, 1988) . This suggests an active role for cells closest to the xylem elements conducting the transpiration stream. However, for a long time the classical CraftsBroyer hypothesis prevailed (Crafts and Broyer, 1938) which stated that the stele does not participate actively in ion release from symplast to xylem vessels due to oxygen shortage in the root core. Convincing evidence that stelar cells and, notably, the parenchymatous cells just outside the vessels (the xylem parenchyma cells, or XP cells) are actively involved in controlling the process of 'xylem loading' was provided by Lauchli et al. (1971) . Ultrastructural studies of XP cells also indicate that these cells are highly specialized transport cells: mitochondria and endoplasmic reticulum are abundant (Lauchli et al., 1971; Yeo et al., 1977) and under salinity stress maize root XP cells form transfer cell-like wall invaginations at the half-bordered pits (Yeo et al., 1977) .
What is the evidence that ion transporters are present in the PM of XP cells?
The proton pump: Hanson (1978) postulated a model for symplast/xylem ion exchange wherein proton pumps at the XPCjxylem interface play an important role. Okamoto et al. (1978) supplied for the first time experimental evidence for active proton pumps in XP cells in pea hypocotyl and this was confirmed for root XP cells (de Boer et al., 1983; Clarkson and Hanson, 1986) . Biochemically, Cowan et al. (1993) demonstrated that purified plasma membranes from stelar cells of maize roots contain highly active H + -ATPases. ATPases may not be evenly distributed over the XP cell membrane, but concentrated in the membrane facing the vessel pits. This may be concluded from work by Sauter (1973) , showing that in wood rays vessel associated cells (VACs) have very high phosphatase activity in early spring (coinciding with sugar release into the vessels) and that this activity is mainly concentrated at the large pits which face the vessel lumen. Experiments by Fromard et al. (1995) strongly suggest that the phosphatase activity in Sauter's experiments was very likely ATPase activity: they showed that VACs in Robinia wood contain much higher amounts of PM H+ -ATPase than other living cells of the secondary xylem with immuno-gold-silver-staining techniques using an antibody raised against a conserved stretch of the cytoplasmic domain of the PM H+ -ATPase. XP cells in barley roots are also intensely stained by antibodies to the maize ATPase (Samuels et al., 1992) . So, VAC and XP cell specific expression of H +-ATPases seems likely.
Ion channels: At the whole organ level, the presence of K +-inward rectifying channels in XP cells of Vigna hypocotyls and Plantago roots, (in)directly activated by perfusion of fusicoccin and auxin, was suggested by and de Boer and Prins (1985) . More direct evidence for the presence of channels was provided by who developed a method to isolate protoplasts originating from XP cells in barley roots. These protoplasts proved suitable for patch-clamp measurements and the presence of K +-selective inwardand outward-rectifying channels and non-selective outward-rectifying channels was demonstrated . Roberts and Tester (1995) showed that protoplasts isolated from the st~le. of maize contained a slowly activating outwardly rectifying conductance upon plasma membrane depolarization.
Another way to characterize transporters and their genes involved in xylem (un)loadin~,~s to screen .for mutants defective in proteins involved m IOn translocation between the symplast and the xylem. Poirier et al. (1991) isolated an Arabidopsis mutant impaired in phosphate transport to the shoot. Since the uptake rate between wild-type and mutant plants was similar, and furthermore phosphate transport through the xylem vessels was not impaired (and the transport defect was specific for phosphate), the authors concluded that the mutant is deficient in a protein required to load phosphate into the xylem.
Water channels: A third class of transporters should also be considered as an essential element in root to shoot transport, namely aquaporins or water channels. Aquaporins are hydrophobic membrane proteins found in both the tonoplast and plasma membrane of plants that greatly facilitate the passage of water across membranes (Chrispeels and Agre, 1924) . During radial water transport across the root the effective surface area across which water transport can take place decreases towards the xylem and, therefore, the innermost cells might well be the limiting factor in water transport. It is therefore not surprising that it was recently reported that MipA transcripts in the common ice plant are highly expressed in cell layers surrounding individual xylem strands (Yamada et al., 1995) . Expression and regulation of aquaporins is also central to the recently revived debate on the mechanism of the ascent of sap and the proposed role ofXP cells herein (Zimmermann et al., 1993; Canny, 1995; Holbrook et al., 1995; Pockman et al., 1995) .
Regulation of ion exchange between XP cells and the xylem
The first indication that xylem loading processes are regulated came from the observation that loadin~of solutes into the vessels is independent from uptake into the symplast (Pitman et al., 1977) . Also nutrient deficiency can cause selective loading of the needed ion into the xylem (Clarkson, 1985) . Engels and Marschner (1992) manipulated the shootroot ratio by cooling the shoot bases of maize and showed that the demand for K + in the shoot regulated K +-translocation independently from K +-uptake from the medium. A good candidate for the regulation of translocators involved in xylem loading is the hormone abscisic acid (ABA); both inhibitory and stimulatory effects have been reported. For example, Pitman et al. (1974) reported a strong reduction in the translocation of K + and Cl " into the xylem of barley roots by ABA. Pitman and Wellfare (1978) demonstrated that this was not due to a change in the water permeability of the root and concluded that ABA acted on the mechanism of ion transport into the xylem. However, Glinka (1980) showed that ABA promotes ion release to the xylem in sunflower roots. Other hormones found in the transpiration stream like cytokinins and auxin are potential regulatory molecules as well . Currently, there is much interest in the mechanism of wound-induced long distance signalling where XP cell membrane transport might be involved (Malone and Alarcon, 1995) . The latter may be concluded from experiments wherein fusicoccin, a toxin known to stimulate the PM H+ -ATPase and net K +-uptake, perfused through the xylem inhibits wound-induced signalling (Doherty and Bowles, 1990 ).
In conclusion, there is sufficient evidence that the process of ion exchange between XP cells (1) requires metabolically active cells, (2) is mediated by transport proteins and (3) is regulated by hormones, ions or other as yet unknown regulatory molecules. In the present study, the question of which factors regulate the activity of ion channels in the plasma membrane of barley root XP cells using the patch-clamp technique was addressed.
Materials and methods
Plant cultivation and protoplast isolation
Barley (Hordeum vulgare cv. Apex) was cu~tiva~ed as described earlier . L~kewlse, protoplasts isolation was generally performed as descnbed by Wegner and Raschke. To optimize the selectivity of the procedure for xylem parenchyma protoplast isolation, stele segments from nodal roots 2-3 em above the root tip were used. Cell walls were removed selectively by an enzymatic treatment with an enzyme cocktail containing 2% (wjv) cellulase Onozuka RIO (Yakult Honsha, Tokyo, Japan), 0.02% (wjv) pectolyase Y-23 (Seishin Pharmaceutical, Tokyo, Japan), 2% (wjv) BSA, 10 mM Na-ascorbate, 20 mM glucose, 20 mM sucrose, and 1 mM CaCI 2 . The pH was adjusted to 5.5. Mannitol was added to an osmolality of 500 mOsmol kg -1. After incubation, the suspension was filtered through a 100 fLm mesh and rinsed with a wash medium containing 460 mM mannitol, 20 mM sucrose, 20 mM glucose, and 1 mM CaCI 2 • Protoplasts were enriched by two centrifugation steps (10 min at 100 g) and the pellet of the second step was resuspended in 100 fLl wash medium for patch clamp experiments.
Electrical recording and solutions
Conventional patch clamp experiments were performed in the inside out and whole cell configuration. Pipettes were pulled from borosilicate glass capillaries (Kimax 51, Kimble Products, Vineland, NJ, USA used. Data were stored and pulse protocols were generated on a PC (HP Vectra 386) using software from CED (EPC software package, Cambridge Electrical Design, Cambridge UK), that was connected to the amplifier via an ADjDA converter from CED. Composition of bath and pipette solutions is given in the legends to the figures. Gpp(NH)p (tetrasodium or tetralithium salt) and GDP,BS (trilithium salt) were obtained from Fluka Chemie AG, Buchs, Switzerland and dissolved in 100 mM TRISjMES pH 7.2. The amount of Ca2+ to be added to maintain a given free concentration was calculated using the program 'Calcium' (Fuhr et al., 1993) . Liquid junction potentials were determined as described previously (Neher, 1992) and corrected for if the value exceeded 2 mV.
Data analysis
For analysis of pulsed whole cell and patch data, software from CED was used. The amplitude of unitary currents was obtained from amplitude histograms.
Sign convention
Membrane potentials are defined as the voltage on the cytoplasmic side of the membrane with respect to the physiological outside. Inward currents in the physiological sense, irrespective of the technical direction, are shown as downward deflections.
Results
Regulation of inward rectifying K+ channels
The plasma membrane of XP cells contains an inward rectifying conductance with high selectivity for K + which was given the acronym KIRC . During the course of a series of experiments it was noticed that KIRC activity, measured in the whole cell configuration, showed a correlation with the access resistance of the patch pipette: i.e. when the access resistance was high (> 20 MQ;  i.e. a relatively small pipette opening) KIRC activity was high and when a pipette was used with a relatively large opening, KIRC activity was low or absent. This correlation suggested the 'wash-out' of a cytosolic factor, essential for the activation Xylem parenchyma cell signalling 443 of KIRC currents. Figure 1 shows that wash-out indeed seems to be responsible for down-regulation of KIRC activity when a low access resistance pipette is used: inward currents were elicited with a hyperpolarizing voltage of -172 mV, immediately after breaking the patch, but within 3 min the current vanished (see inset Fig. 1 ). It is interesting to note that when a high access resistance pipette was used (and KIRC was active), KIRC remained active during prolonged periods of time (> 1 h). One explanation could be that when wash-out is slow (as in the latter case), then the internal production or release of the unknown 'factor' is able to compensate the loss due to wash-out. To test this idea, a low-access resistance electrode was back-filled with 10 mM malate (distance to the tip approximately 1 em, calculated diffusion time to the protoplast around 1 h). Malate was initially chosen because a compound was being sought which was present in considerable amounts in the cells in a compartment like the vacuole from where it could be slowly released. Indeed, in a number of experiments KIRC re-appeared after the initial silencing due to wash-out (Fig. 1) . When malate was included in the pipette solution from the tip on, KIRC currents were not elicited in all the cells tested. In XP cells malate might not be directly responsible for KIRC activation (in contrast to the direct activation of the guard cell anion channel GCACl; Hedrich and Marten 1993) . ATP was tested, but no evidence that KIRC is affected by the ATP level in the cell, like in photosynthetically active tissue was obtained (Spalding and Goldsmith, 1993) . However, when the nonhydrolysable GTP analogue Gpp(NH)p was included in the pipette solution, large inwardly rectifying currents were recorded in the whole cell configuration (Fig. 2) . Tail current analysis indicated K + -selectivity of the delayed currents. When GDPf3S was added to the pipette, time-dependent inward currents were typically small or absent (Fig. 2) . In recordings with pipette access resistances <20 MQ, inward K + currents were recorded in 100% of the cells treated with Gpp(NH)p, but only in about 50% of the cells treated with GDPf3S.
In order to test whether besides GTP other cytosolic components were necessary for KIRC activation, the effect of G-nucleotides on single channel activity in excised inside out patches was studied (Fig. 3) . In the excised patch configuration channel activity was very low, ATPyS and GDPf3S had no effect on channel activity but Gpp(NH)p elicited channel activity (Fig. 3) . When Gpp(NH)p was washed out channel activation disappeared (data not shown). The selectivity and activation kinetics of the single channel events were in general agreement with whole cell data for KIRC (data not shown). Since G-protein activators also worked in the excised patch configuration it is concluded that G-proteins regulate KIRC via a so-called membrane delimited pathway. 
Two outward rectifiers: NORC and KORC
In the PM of xylem parenchyma pro toplasts two distinct types of depolarization-activated conductances, rarely appearing simultaneously, could be identified in whole cell recordings (Fig. 4) . One current (denoted 'KORC') activated some 20-40 mV positive of E K + displaying sigmoidal activation kinetics and was largely K+ selective. The second current (denoted 'NORC') was absent or negative in a voltage range between F K + and 0 mY, activated with a time-course best described with a doubleexponential function and was largely non-selective (see also . The single channel basis of these conductances has been established by excised patch recordings (data not shown).
Effect of EGTA on NORC characteristics
Since it is difficult to know exactly the level of free cytosolic calcium close to the membrane (the place most relevant for channel regulation) the Ca 2 + -buffer capacity of the pipette solution was varied by means of EGTA. In Fig. 5 whole cell current voltage relations of NORC at 0.1, 0.5, 1, and 5 mM EGTA are shown. All data were obtained on protoplasts from the same preparation. KORC activity happened to be low or absent in this batch, so NORC activity could be investigated separately. Clearly, the buffering capacity of the cell matters, since it can be seen that with decreasing buffer capacity (and presumably increasing Ca 2 + levels close to the membrane) the current increases and the activation potential of NORC shifts towards more negative (i.e. more physiological) levels (Fig. 5, inset) .
KORC conductance in dependence of external K + demonstrated that KORC is K + -selective, although to some extent it allows the passage of divalent cations as well. Single KORC channels could be resolved in .the cell-attached, inside-out and outside-out configuration but single channel conductance varied. Therefore,' in inside-out patches, the unitary conductance of single KORC channels around the reversal potential for K +-concentrations in the bath ranging from 1 to 100 mM were determined (Fig. 6) . The K +-dependence of the single-channel conductance showed highly anomalous properties. It increased logarithmically with about lOpS per decade between 1 and 30 mM K +, but increased more strongly when external K + was elevated to nearly equimolar conditions. At these conditions, the conductance was non-ohmic at the reversal potential and given values are a linear approximation. For the other conditions, the current voltage relation was linear at E r ev
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In a number of excised patches activity of KORC and anion channels were measured simultaneously (Fig. 7) . This supports the hypothesis that KORC is capable of arises from an interplay between G-proteins and Ca 2 + Assmann, 1995) . In XP cells the situation is, thus far, clear: G-protein activation with non-hydrolysable GTP analogues activates inward rectifying K + -channels (Fig. 2) . The pathway of activation is membrane-delimited since single channel activation by Gpp(NH)p was also observed in inside-out patches (Fig. 3) . In XP cells single channel activity was completely absent in the absence of Gpp(NH)p, whereas in guard cells the open probability was still 0.09 in the presence of inhibitory GTP,BS concentrations (Wu and Assmann, 1994) .
A physiological interpretation of the finding of G-protein regulation of KIRC will be preliminary, since it is not yet known which external signal is coupled to the G-proteins involved. There can only be speculation as to the effect of increased KIRC activity in the XP cells. Intuitively, an increase in inwardly rectifying K + channel activity would be associated with an increase in K + resorption. This, in turn, could reduce net K + transport to the xylem. However, a moderate change in inward K + current density, by itself, tends to be compensated by a depolarization of the plasma membrane; for an increase in K + uptake, proton excretion by xylem parenchyma cells would have to be accelerated to a similar degree in order to maintain charge balance (see also discussion in Kelly et al., 1995) . Another function may be (counterintuitively) to initiate salt efflux by keeping the membrane sufficiently depolarized so that depolarization-activated anion currents and, in tum, the K + outward rectifier can come into action .
A model summarizing the characterized transporters and putative regulatory mechanisms is shown in Fig. 8 . Of prime importance is the identification of the signals that are perceived by the XP cells and amplified through changes in G-protein activity and cytoplasmic Ca 2 + levels.
Physiological implications of KORC activation
In analogy to guard cells, KORC is supposed to mediate K + release from xylem parenchyma cells provided that an anion conductance operates simultaneously. The fact that KORC and anion channel activity was observed simultaneously in one excised patch indeed indicates that sustained release of KCI is possible. Kochian and Lucas (1988) discussed the relevance of K + circulation in relation to K + homeostasis in the plant and they concluded that 'since a large portion of K + moving in the xylem transpiration stream is supplied by the phloem, the concept gains strength that K + transfer from the phloem influences the ionic environment of the root xylem parenchyma'. The observation that the single channel conductance of KORC is affected by the apoplastic K + concentration in the stele, indeed indicates that the properties of this channel can be modulated by a K + -signal coming from the shoot. K + -release into the xylem provided that anion conductances operate simultaneously.
Discussion
G-protein regulation of KIRC
The first evidence for G-protein modulation of ion channels was obtained for the guard cell system (FairleyGrenot and Assmann, 1991; for review see Assmann, 1995) . In guard cells G-protein activation by GTPyS inhibits inward rectifying K + -channels (Fairley-Grenot and Assmann, 1991) although also GDP,BS inhibition of K + -channels has been reported . The complexity in guard cell G-protein signalling probably ..... and in the xylem, (3) the efflux of salt will be followed by a loss of water to the xylem. Because thus far NaRC has only been measured in XP cells, NaRC may have a function which is xylem specific. It seems unlikely that NaRC plays a role in ion release to the shoot since NaRC is not able to load the xylem selectively. A function that fits NaRC characteristics better, is a role in long distance signalling. The mechanism of long-distance signalling is much debated with respect to the wound-induced pin-gene induction at systemic sites far from the wound site (0) (LA cm-z, respectively) .
Physiological implications of NORC activity
Thus far, XP cells are the only cells known to have NaRC activity in the plasma membrane. NaRC was also present in the plasma membrane of XP cell protoplasts isolated from maize mesocotyl (Giesberg and de Boer, unpublished results). Roberts and Tester (1995) did not observe NaRC activity in stelar cells from maize roots, but this may be due to different composition of the pipette solutions. NaRC is non-selective as it passes anions almost as easily as cations . This non-selectivity has a number of consequences: (1) upon NaRC activation the membrane potential will depolarize to around 0 mV, (2) there will be a massive efflux of salts at a wide range of ionic relations in the cell ( Malone and Alarcon, 1995) . Besides hydrostatic pressure changes in the xylem, electrical (Wildon et al., 1992) and chemical signals like systemin and oligogalacturonide (Thain et al., 1995) have been proposed to carry the 'wound-message' to systemic sites. Malone and Alarcon (1995) suggest that upon wounding of a leaf the negative xylem pressure is released and sap from the wound site is sucked into the xylem. Signalling molecules present in this sap, like systemin and/or oligogalacturonide, travel with the moving xylem sap throughout the plant and induce pin-genes at distant sites. The observation that the phytotoxin fusicoccin, known to keep cells in a hyperpolarized state, when perfused through the xylem inhibits wound responses, supports the notion that electrical signalling is important for the induction of systemic wound-responses (Wildon et al., 1992) . The controversy over the signalling mechanism may be reconciled with the involvement of channels with characteristics like those of NaRC. If NaRC is involved then the following may happen upon wounding:
( 1) the negative xylem pressure increases close to the wound site, (2) the change in xylem pressure opens stretch-activated Ca 2 + channels (Cosgrove and Hedrich, 1991) in the PM of XP cells surrounding the xylem, or alternatively, (3) elicitors like oligogalacturonide are sucked into the xylem and increase cytosolic Ca 2 + of XP cells (Messiaen et al., 1993) , (4) the elevated Ca 2 + shift the activation potential of NaRC to more negative values, the membrane potential rapidly depolarizes, ions flow out of the cell followed by water, (5) the flow of water into the xylem sustains the woundinduced hydrostatic pressure change, which in this way self-propagates through the xylem accompanied by a drastic change in electrical potential between XP cells and surrounding cells.
This model unites all the players staged in the woundinduced long-distance signalling: hydrostatic pressure, electrical potentials and chemical signals. rectifyingcouductance. An xP cell expressed water-channel is-incorporated-to indicate the importance of water transport across the XP cell/xylem boundary.
